We studied the effects of DL-a-difluoromethylarginine (DFMA) and DL-a-difluoromethylomithine (DFMO), specific, irreversible inhibitors of arginine decarboxylase (ADC) and omithine decarboxylase (ODC), respectively, on organogenesis growth and titers of free polyamines and conjugated putrescines (hydroxycinnamoyl putrescines) in tobacco (Nicotiana tabacum cv Xanthi n.c.)
Polyamines and their biosynthetic enzymes may play an important role in many aspects of plant development including growth, differentiation, senescence, and response to stress (1, 10, 26) . Increased polyamine synthesis appears necessary for cell proliferation to occur (3) . Amides formed between hydroxycinnamic acid and amines are widely distributed in the plant kingdom (17, 18) . Accumulation of hydroxycinnamic acid amides correlates with leaf emergence and flowering in several plants (5, 17, 19) . Tobacco stem apices, callus tissues, and cell cultures often contain polyamines conjugated with cinnamic acids (4, 5, 11, 20) . Some functional roles of these compounds have been suggested. Caffeoyl putrescine and other amides such as caffeoyl spermidine have been found in large concentrations in reproductive organs oftobacco, and it has been proposed that their formation is functionally linked with reproduction (5) . In addition, since tobacco plants infected with tobacco mosaic virus react by increasing levels of polyamine conjugates, and virus multiplication is retarded in their presence, a role for these compounds in virus resistance has been suggested (15, 19) . Recent results indicate that hydroxycinnamoyl putrescines, when included in the medium, interfere in vitro with hormones in the control of cell multiplication and differentiation of tobacco leaf explants (16) .
For in vitro cultures, it appears that the intracellular levels of putrescine and hydroxycinnamoyl putrescines are markedly enhanced when the cultures are induced to proliferate (14) . The differentiation of buds is always accompanied by significant changes in putrescine and hydroxycinnamoyl putrescine levels (14) . Increasing levels were found during the first week in culture when cell multiplication is rapid. Then levels declined sharply after 3 weeks of culture as the rate of cell division decreased and differentiation occurred.
Are polyamines and hydroxycinnamoyl putrescines essential for the proliferative process, or are they simply secondary by products of a growth response? One way to approach this question is utilization of specific inhibitors of polyamine synthesis and then examining the physiological properties of tissues.
Previous reports have shown that in tobacco plants putrescine is synthetized from arginine (by ADC' via agmatine) and ornithine (by ODC) (28, 29) .
This study reports results of DFMA (a specific enzymeactivated ADC inhibitor) and DFMO (a specific enzymeactivated ODC inhibitor) on the organogenesis, growth, free amine and hydroxycinnamoyl putrescine levels of tobacco leaf explants cultivated in vitro in a medium inducing callus formation without differentiation.
MATERIALS AND METHODS Biological Material and Growth Conditions
Nicotiana tabacum cv Xanthi n.c. was utilized in all the experiments. Plants were grown from seeds in pots (diameter 25 cm) with a mix of peat and gravel. Every day 20 mL of a 'Abbreviations: ADC, arginine decarboxylase; ODC, ornithine decarboxylase; Agm, agmatine; BA, benzyladenine; CP, caffeoyl putrescine; DFMA, a-DL-difluoromethylarginine; DFMO, a-DL-difluoromethylornithine; FP, feruloyl putrescine; HCP hydroxycinnamoyl putrescine; p-CP, para-coumaroyl putrescine; Put, putrescine; Spd, spermidine; Spm, spermine. nutrient solution (4) was supplied to each plant. After 5 weeks, the plants were placed in controlled environment chambers (20 ± 
Analysis of Amine Levels
Tissues were extracted in 5% (v/v) cold HCl04 at a ratio of about 100 mg/mL HCl04 according to the methods of Flores and Galston (9) . After extraction for 1 h in an ice bath, samples were pelleted at 48,000g x 20 min, and the supernatant phase, containing the 'free' polyamine fraction, was stored frozen at -20°C. HCl04 extracts were stable for polyamine analysis by HPLC for more than 6 months under these conditions, provided excessive refreezing and thawing were avoided.
HPLC in combination with fluorescence spectrophotometry was used to separate and quantitate polyamines (putrescine, spermidine, and spermine) (27) prepared as their dansyl derivatives from plant tissue. The procedure gives sensitive and consistent results for polyamine determinations in plant tissue. In a standard mixture, the minimal detection level was less than 1 pmol of polyamines.
Dansylation
The polyamines were derivatized according to the method of Flores and Galston (9) . Fifty to 100 ,L aliquots of the supernatant were added to 200 ,uL of saturated sodium carbonate and 400 ,uL of dansyl chloride in acetone (7.5 mg/ mL) in a 5 mL tapered reaction vial. After brief vortexing, the mixture was incubated in darkness at room temperature overnight. Excess dansyl reagent was removed by reaction with 100 ML (100 mg/mL) of added proline and incubation for 30 min. Dansyl polyamines were extracted in 0.5 mL benzene and vortexed for 30 s. The organic phase was collected and stored in glass vials at -20°C. Standards were processed in the same way, and 20 nmol were dansylated for each, alone or in combination.
HPLC Analysis
HPLC was performed according to the method of Smith and Davies (27) . The column used was reversed-phase Bondapak C 18 (particle size 9 m; 30 cm x 3.9 mm, Waters Assoc.). Samples were eluted from the column with a programmed methanol:water (v/v) solvent gradient, changing from 60 to 95% in 23 min at a flow rate of 1 mL/min. Elution was completed by 27 min. The column was washed with 100% methanol for 5 min and reequilibrated at 60% methanol before the next sample was injected.
Detection and Quantification
Eluates from the column were detected by an attached fluorescence spectrophotometer, equipped with an 8-,uL flowthrough cell (model 650-10 LC, Perkin Elmer). For dansylpolyamines an excitation wavelength of 365 nm was used with an emission wavelength of 510 nm. Eluant peaks with their areas and retention times were recorded by an attached integrator (model 3390 A, Hewlett Packard).
Analysis of Hydroxycinnamoyl Putrescine Levels
The techniques which were used to extract, separate, and measure the quantity of phenolic amides have been described elsewhere (5, 18, 22) . Plant tissue (1-5 g fresh weight) was extracted at 2°C in a homogenizer with chilled methanol (100 mL), filtered and washed with 80% v/v aqueous methanol (50 mL x 2). After centrifugation (100,OOOg for 15 min), the supernatant was evaporated in vacuo at 30°C down to about 10 mL, diluted with water (30 mL), and then treated with petroleum ether to remove Chl. The aqueous extract, containing hydroxycinnamoyl putrescines (p-CP, CP, FP), was passed through a column of Amberlite Serva CG-50 (H+form) according to the method previously described (5) . Elution with 3 M acetic acid furnished hydroxycinnamoyl putrescines. The eluate was taken to dryness and dissolved in methanol (2 mL per g fresh weight).
Hydroxycinnamoyl putrescines were quantified by reversed-phase HPLC (22) . The compounds were chromatographed on a Bondapak C 18 reversed-phase column (particle size 9 m) with different methanol-water gradients as the mobile phase.
Growth (measured by an increase in fresh weight) and levels of free amines and hydroxycinnamoyl putrescines were measured at excision and at different stages of development between d 4 and week 10 ofculture. Fifty explants were cultured for each experimental medium. Each experiment was performed in triplicate and was repeated on at least three separate occasions. Three set of samples were used for dry weight determination.
Plant Physiol. Vol. 89, 1989 Determination of Dry Weight
The dry weight was estimated by heating the callus at 60°C for 24 Figure 4 shows that addition of DFMA or DFMA + DFMO reduced the dry (Fig. 5) .
At the start of culture (week 0), Put was present in very small levels (Fig. 5 ). An early and rapid increase in Put level was observed in untreated and DFMO-treated cultures (Fig.  5) . The maximum level occurred at d 7 of culture. In DFMOtreated cultures the Put accumulation followed similar pattern, the sequences being similar to that obtained with the untreated cultures. On d 4, the level of Put in DFMO-treated (Fig. 5) ; compared to the untreated cultures, at d 7, in DFMA-treatment Put concentration was reduced by 85%. Then and during the later stages of culture levels of Put remained lower than the values found in untreated and DFMO-treated cultures.
Initially (in noncultured explants), the level of Spd was low. In all treated cultures, the Spd accumulation followed similar profiles to those observed in the untreated cultures. Addition of DFMO, DFMA, or DFMA + DFMO caused a decrease in Spd levels throughout the 10 week period of culture (Fig. 5) . The decrease began immediately on the first days in culture.
In all treated cultures, levels of Spm remained lower than the values found in the untreated cultures throughout the 10 week period of development.
On Hydroxycinnamoyl Putrescine Levels
Total HCP levels. These amides (p-coumaroyl-, caffeoyland feruloyl putrescine) were absent in noncultured explants. They appeared in all the media after 4 d of culture (Fig. 6) . A rapid and substantial accumulation of total HCPs was observed in untreated and DFMO-treated cultures with a maximum level occurring at d 7 Figure   5 .
the value in untreated cultures. From d 4 to d 11, compared to untreated cultures DFMO slightly reduced total HCP levels; then, from week 5 (after the first emergence of buds) to week 10, a dramatic decrease of the concentrations of amides was observed for DFMO cultures. On week 8 total HCP level was reduced by 85%. Addition of DFMA or DFMA + DFMO caused a rapid decrease in total HCP level (Fig. 6) . Compared to the untreated cultures, at d 7, total HCP level was reduced by 75%. Then, and during the later stages of culture, levels of amides remained lower than the values in untreated and DFMO-treated cultures.
P-CP Levels. In untreated and DFMO-treated cultures P-CP remained at a low level throughout the 10 week period of culture (Fig. 7) . This amide was not detected in DFMA or DFMA + DFMO treated cultures (Fig. 7) .
CP Levels. The addition of DFMO, DFMA, or DFMA + DFMO caused a dramatic decrease of CP level throughout the 10 week period of culture (Fig. 7) . CP was absent in DFMA and DFMA + DFMO treated cultures during the first week of culture (Fig. 7) .
FP Levels. An early and rapid increase of FP level was observed in untreated and DFMO-treated cultures (Fig. 7) . A maximum level occurred at d 7 of culture. On d 4, the level of FP in DFMO-treated cultures was 2 times greater than the value in untreated cultures. Compared to untreated cultures, from d 7 to week 3, the levels ofFP declined slowly in DFMOtreated cultures. Then, after the first emergence of buds (at week 5) and until week 10 a dramatic decrease of the concentration of FP was observed. Addition of DFMA or DFMA + DFMO caused a rapid decrease in FP level (Fig. 7) . At d 7, in DFMA treatment FP concentration was reduced by 70%. Then, and during the later stages of culture, levels of feruloyl putrescine remained lower than the values found in DFMO-treated cultures.
The same pattern was observed when the data were expressed on a fresh weight basis (data not shown). The addition of Put or CP depressed the fresh weight and the dry weight of calli during the first week of culture. At d 4 the addition of Put reduced the fresh weight by 40%, whereas the addition of CP reduced the fresh weight by 20%. The dry weight was reduced by 35% after addition of Put and by 20% after addition of CP.
On Free Amine Levels
During the first week of culture, Put accumulation in a culture with DFMO + Put was higher than Put accumulation in a DFMO-treated cultures (Fig. 8) . After week 2 and during the later stages of culture, Put accumulation in a DFMO + Put culture, was practically the same as in a DFMO-treated culture. In a DFMO + CP culture Put accumulation was the same as in a DFMO-treated culture throughout the 6 week period of culture (Fig. 8) .
The addition of Put or CP had no significant effects on the Agm, Spd, and Spm levels (data not shown).
On Hydroxycinnamoyl Putrescine Levels
Total HCP Levels. On d 4, after addition of CP total HCP level was higher than in a DFMO-treated culture (Fig. 9) . Then, and until week 6, amide accumulation was the same as in DFMO-treated cultures. After addition ofPut and during the first week of culture, the levels oftotal amides were higher than in DFMO-treated culture (Fig. 9) . Then, and during the later stages of culture, the levels of amides were the same as in DFMO-treated cultures. When Put and CP were added to a DFMO medium, they were readily absorbed. After week 3, they disappeared from the medium. On d 4 shown that in tobacco flowers DFMA nonspecifically inhibits ODC in vivo (24) . These tissues exhibit high arginase activities. Tobacco arginase catalyses the hydrolysis of DFMA to urea + DL-a-difluoromethylornithine. Thus, the inhibition of Put biosynthesis by DFMA may be explained by the conversion of DFMA to DFMO after the first 3 weeks of culture.
Our results show that DFMA inhibits the fresh and dry weight increases of tobacco calli, whereas DFMO even promoted the fresh and dry weight increases, thus supporting the view that ADC is important for cell division and callus induction.
The observations suggest that high intracellular levels of Put conjugates inhibit cell proliferation and suppress bud formation. Inhibition of ODC activity by DFMO resulting in an amide deficiency after 4 weeks of culture facilates the expression of differentiated cell functions. Formation of buds is associated with a significant decrease of HCP levels.
Elevated levels of polyamines have been associated with differentiation in some plant systems (7, 12) . Thus, high levels of polyamines are required during embryogenesis in carrot tissue cultures (7) and floral differentiation in tobacco cultures (13) . Similarly, free and bound polyamine levels increased dramatically with differentiation in regenerated plants derived from mesophyll protoplast cultures of Vigna (12 (16) . These compounds had no effects at 10'-M; leaf explants produced numerous buds like the control. Between 2.5 x 10-' M and 5 x l0-5 M, amides partially inhibited bud initiation but promoted callus formation. Form l0-4 M to l0-' M, these molecules inhibited cell multiplication without toxic effect. Free Put had no effect (other than a toxic effect above l0-3 M).
Polyamine biosynthesis is associated with cell division, and changes in free polyamine levels during morphogenic processes and their significance are well known (2, 4, 6, 10, 23 (25) suggested that there is only a limited exchange between free and conjugated polyamines, at least in tobacco. However, Flores and Filner (8) 
